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DYNAMIC BREAXIltG T3STS 3P AIRPLANE F.iRTS*

By Heiurich Hertel

1. OBJXCT OF DYi$AMIC IIP?ESTIG.LTIONS

The static stresses of airplane parts, the magnitude
of m“nich can be determined with the aid of static load as-
sumptions , are mostly superposed by d-ynamic stresses., the
magnitude of which has been but little explored.ti The ob-
ject of the present investigation is to show how the
strength of airplane parts can best he tested with respect
to dynamic stresses with and without superposed static load-
ing, and to what extent the dynamic strength of the parts
depends on their structural design.

The dimensions of airplane parts are now based almost
exclusively on static calculations. The stresses calculated
from the adopted static loads must at no Feint exceed the
permissible stress for the given material. The stress at
the 0.2 limit of the material is re:;ard.edas the maximum
permissible stress for 1.35 tines the “safe load.” The
breaking stress of the material may be reached under the
nreqll-isite breaking load, IIanl the safety factor against
buckling of the parts uilder compression may sink to 1.

A few rules are given in the building specifications
for the permissible stressing of the, structural parts which
are subjected to regular fluctuations in stress. In par-
ticw.lar, attention is called to the fact that the specia,l
conditions due to shaping, notching, threading, etc., and
in working the material must be taken into ac,count. This
effect of local stress concentration and the working of the .
material on the dynamic strength of a finished airplane
part was investigated by vibration tests. It was found
that, in metal construction, the dynamic strength of fin-
ished parts was unexpectedly small, due to the coincidence
of v“arious unfavorable conditions at places where the cross
sections of riveted members c-hange abruptly. The dynamic

-—————.——.————---————-——————————.—_—————.._———-——-———————— . .
*!lDynal~ische Bruchversuche mit Flugzeug~auteilen* 11 Z.F.h~.,
August 14, pp. 465-473, and Au~;ust 28, pp. 489-502, 1931.
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strength of airplaue parts should therefore be increased by
suitable structural, ,.lesign. In static-strength calculat-
ions i10 account is”taketi ti$””iOial stress c“onc’entrations,
w’hich.occur at places of abrupt change of cross section,
notches, edges. o< $Oles, rivets, etc. Such neglect is cus-
tomary and permissible::~n-stat it-strength calculations even
for >igh buildings and bridges, since the inherent proper-
ties of the material prevent any premature break due to lo-
cal stresses. The material stressed beyond the proportion-
ality limit at.points ,of stress concentration becomes sof-
ter and begins’ to” flow at “the yi-eld.point, thereby avoiding
any further increase in stres”s which might cause rupture.
In a structural merober stressed to the point of rupture,
the” ~o,i,~t’s@ local””stress concentration precede the stress-
es’,in tlie“undisturbed cross sedtion only until they reach
th~”yiel’d po”in}. There then occurs, with increasing load,
a better an-d often perfect equalization of the stresses, so
that the static breaking strength of the member is not im-
pa.ire”&by the local stresses. Since the endurance limit of
the. material’s is below the “yield.point and in general also ‘
below the proportionality limit, the possible stress bal-,
ante no longer avails in frequently recurring .loads .(dynam-
i.c,st.resses).after a local passing of the yield point. The

:,,ma”{,e”rialbecomes fatigued at, the points :Of”:lOCal ‘,StreSS,.
couc.entration, even under alternating loads wlrichi intae
urid.is.~urb.ed.Oross section, “develop stresses far below the
e-ndurafi,ce“strength of the material. ‘A dynamic break then
ru:?~sfrorijt,h,epoint .of disturbance (“e.g., a stressed rivet
Aole) Rnd,“,l~eadsto the iu.pture of t’he whole cross section.

Altl~ough “in airplane construction, the wing and con-
trol~surface flutter must be absolutely prevented by making
these structures sufficiently rigid, and other dangerous
vibrations, generated by the engine, propeller or separa-
tion ph@iiGmena, should he prevented as muc-h aspossible,
near,ly “all-the” structural parts of an airplane are never-
theless subject to some form of unavoidable dynamic stresses.
Here wb” will only mention:

-..,”;:.,,

1’.‘~ ‘“Alternating stresses produced throughout the
whole airplane by gusts and by taxying on rough
g,round, the alternations being of low frequency,...
so” that” failures can occur only after long Op,.
erati’on;” .

. .
2.’ 7Jna’voidable”h’igh-f.Tequency--v..ibr.at.’ions,of t:he ,,

‘engine bed, due to the llunbalances~t of the en-
gine, as also the alternating stresses of the
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engine bed. dl~”et’o“tibliqueneis of””t~e. air, cur-
,, rent with r“esp”e’”et,‘to th’e‘jjrop”el”l”:er”, ‘“ ,,.; ..,, ,..;.’.1

,, .,. .
3. Vibration o,f strut-s exposed “to,“the air””current .

NO exact knowledge of t~.e ~.y”namic.”stre:sses of air-
planes exists. Recently, h,ow”ever,’inst .ruments (Opt”o{;ranhs
and scratch instruments) Y.aye bee:, developed for recording
dynamic stresses. ,,.

Iil the construction of ~ood.”en’air~la.nes,. local: dist-
urbances of th,e”tension, yhich are u.nfavora,ble’for “d”ygamic
loads, have lonG been avo~de,d. : .Reinforci~i”.gstr’ips and fi,t-
ti:~~;blocks are tapered ~;r’aduall?. Even spl ices” “are “ma”d.e
so as to produce no notch effect.. The at’ta:ciimetit~“itk”ings
join the fitting” blocks, which effect a subs”tanti”al red..c-
tion of the total spar stresses. The loca,l stress coilcen-
tra.ti oils can be ea.s~ly avoided iriwood construction, since
wood is easily shaped. The cross-sectional transitions aid
conilections can be favorably shape d., due t’o tl~’elar<;e ci-oss-
sectional areas required. in wood construction.”’ Above” ,al’1,
the glue used for comb; ning mobden parts af~hrds a u.niforu
transmission of the stresses to “all FartS of the connetiting
surfaces .

In metal airnlane construction, or.,t,he.contrary, local
stress concentrations in t~.e struct?~ral >arts ar-e”very hard
to avoid. Especially in sheet-metal construc,tioil,,i.e., in
the use of metal plates and t~lbe walls 0.3 to 2 mm (0.012
to 0.079 in.) thick, the rnakiu;;of <;I’EidlJ.a,lcross-sectional
transitions is very difficult. !l!husfar hardly any attempt
has been made to overcome these difficulties, all the more
siilce structural eilgiileers for bridges and hi,gh tiuildiogs
have become accustomed to abrupt cross-sectioual. transi-
tions. The problem is partialiy solved” by. tl~e use Of w,eld-
i-n~ in steel constructiori, which avoi’ds the st’ress incre-
ments around the r~.vets. I,t is also partially s“olved by
el.ektron, with which relatively ].arge cross-sectior~al areas
are possible and which’ is very easily shaped;. .

I,!anytests ‘nave beep- made of the endurance strength of
materials in the preferred state of tll,etest bar. Even the
effect of 10cal distur’ba.nces of the t,efision,tl:r,oushnot,ch-
ing was investigated “w’ithtest ‘bars, but n“o endurance tests
of c“om-plete structural parts have yet been published.

T>,e results of endurance ‘tests of” the”mat”erial “in the
form of test bars can be applied to tile material actually
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incorporated in the structures only when the stresses in
the stru.ctyrqs, i,qclu~.ing the Iocql ‘increments, are known.
The extraor’d,in~ry.effect of’ thegreat local stresses is
shown by the “endurance tests of airplane parts described in
this, report, ,yhich were made with tiooden spars and also
‘with various rneta.lspars. The results obtained for wooden
spar? .agr.ee.surprisingly. well with the ex~ectations, there
beiilg no i~~air.ment through ~tre.ss concentrations. The “mtit-
al .spars,,jon. the contrary, show v“eiy unfavorable ‘use of th”e
material. This does not signify that they are ilot”dynamic-
ally strong enough. It is obvious, however, that tlie met-
al .;~arts ex,hibi.ta, very poor ratio of dyn&mic ‘st’ren&bh to
st~<ic, s.tr,ength.~.“.Of..spe.cial.intier.estare the re”sult”a ob-
tained, with .fqur spars for the same wing aild the same static
l“oad,sin, c6.mpa.rative tests.. Of these, one was of wood, one
of’ elek.tron’and two Qf high-tensile” s’teel. . . .

The’ present report” describes the methods Of” testi~~
a-ride,valllation ,and ~“ives the l?esults of the first” tests, ‘in
Whichcornplete structural. members, particl:.larly spays,
used.

were
After the tests had shown tile “ii~portc:flceof,the ‘dyn-

amic ir.vestigatio-a.of airplane Farts, systematic tests
were. instituted for the purpose of’ d.~termj.ni~~ the dynamic
strength of. various riveted transitiorial connectioils.

,4.,,.

1. Dynamic .Testswi’t.h Complete Structural -Parts,..

., ,under Superposed Statf.c Loadi”r.g

The” .di”stribution of the loads, as assumed in the stati-
c c!alculatioil of an ,airplane, ~.s specif~.ed in” the !’Load
Assurqjtions.fl This is determ”hed; for ‘the win<:, from the

.’

aerodynamic forces in. the different coi~ditio:ns’of fli~ll”t,
w’hi”chforces are accurately, en,ough kno.wr.from aerodynamic
measurements and. tests. In static loadi~lfitests,’ these
loads a~e increased in staGes, first’ to t~e safe loa~l ail~.
theil up to the breaking load.

On” the” other hand, with dynamic load.i.;i:l:tests of “air-,
plane structural componen+~s, the followin< questions call
for al;swersg

.,!..

1.”” How are the d;~namic loads distributed?
.. ..

!, ... ... .
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20’ IIOW great a load shon].d be used for the first dy-
. namict,es,t .wit.~,a.structural :comp’onent?

..

3. To what superposed (basic) static load. shall the
structural comp.o”nen.tbe sutijected,?(.

...
4.” How can,the endurance strength be determined, i.e. ,

the-load factbr.atwhjqh the stresses are” still,,~o small
that the part can withstand’any numberof load, rever8a~s.

Questions ,1 to 3 are relatively easy to answer for the
dynamic strength, tests of,,simple parts. For ,example, “a
CArdanic spa,r-strut fitting is stressed only ‘in tine direc-
t;.on of the strut and the..load is varied only”betweeri two
limits, the distance of yhich from the poiq% ~of ,zero load
can be more accurately determined in each. ind’.i’vi.dual‘czise.
As tke limiting cases,. one can first make a“ s’i~ip’l”eal’t,er-
nating-load test and” then, in a second test, “s.o’choose the
preliminary tension that the load will vary from zero to a
maximum value (the” original stren~th).

!?o”rthe biplane struts investigated in this reporty
the problems of-the dynamic load assumptions and load iii-
cremehts are very difficult.

Res5rdin& question 1.- The dynamic stresses may be——A—-..-——.— _ —.-—.——..._—
produced:

a) .by excit”ing the natural vibra.ti.ons of the spars
- (by shocks in taxying or by gusts),

i) by. temporary fairly high additional loads (<u.sts).

The load distribut”io,n according to a) is easily Obtained by
“mOUilti:lgthe spar OrL tile tes’t.stand corre”sp.ondin: to its

. installat-ion on an airplane and then setti-ng up its r.aiural
vibrations . - The load. d.istribntion according to b) is but
little known’ and, .since,it differs in any case, from the
load distrilut.ion a, it 5-s difficult to” reproduce in the
vibration te”st. .Within certain limits, :deviations from a

may be effected by atteching suitably distributed masses to
the spar.. In the previous experiments wit’h,whole spars,
the natural,,vibration of the spar was utilized for.it: dy-
namic ,,loa’dingj”no special masses being attached.. The l~il-
avoidabl,e .rn,as.ses,of the covibr’atinG gui”fies‘and suspension

““i~evices for.,.t~leSta.tuic,:supcfposed loadi”rig“correspond ap-
‘pr-oximately”to the.,masses of the inter:j~or”wing ‘structure,,.. . .. ,,.. . . .. . ..’”

.“”.
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. which are also securely attached .t.othe spar in the com-
plete wing. ,,,.... .,.‘.”..

‘:Regarding question 2 .-”The magnitude of the dynamic_—— —_-.—— _
stresses of the spar due to”“natu.rai vibrations is ‘chara:c-
terized by the amplitude a at the tip of the spar. For
the first’ l.tiattimg.stage of the dynamic” tests” ti.ith.the ia-
vest igate.d .spar?r,.”the pract ical am’pl.itude ~. ‘“~.tt.h.espar
tip “was..obta”itied”from the experiments”” with the” f“ii”st’%par
of this series. According to a preliminary test ?rith a =
3.2 cm (1.26 in.) “and according to the a:lterab”t:in-gstresses
mea.sv.red, it’w:as fixed for this s-par at .“a = ‘5’.’9“cm (2.”32
in. ), at .which’th:e maximum dynamic” st’re$”s,”withou:t. cons”’id-
er ini; the st.re.ss’cbncentra.t ions , “was’:~ 12” kg/mm”2 “(~ ‘17:,058
lh./s:q.-in. ) fo% a te’nsile strength of: 120 kg/mm”2 (:17G,’560
:l”o./sq;.iti.) .o.’fthe mat eria’1.. It Wa..s”assumed that n~ ljreak
-COU~Cl o&”cu’r.. at alternating. stresses o“”f’ofily: 10 .$er cent of
t~letefisile strength. The :arnplit.tidetias.*”o’be increksed
after “2 X IOq load reversals; but’’.rtpt:~J~~e,”,” occurre’d after
only 0.44 X 106 load. reversals. Hence ih the.Succeeding
spars of like static strength, the amylitude at tlie first
Loa’Ging stag e””:wa’sfi.xed.at -abo”ut2’,5 -cm’’”(O-:.98: in’.)i In the

- f“irkt.loading: stage all the” spars: %ithstood “2X’ 10G Uo&d
reversals, and the amulitude, ‘wb.s’‘tlkkiifrc”reased..”: ‘

,.-. ReKardin~ question 3.-———_—_——Q— -.-....-——-———The superposed ‘or”basic stat ic
load correspo~lded to the load factor nA = 1.25: and was
therefore a little less favorable than in cruising flight.

.,”
R&Lardin~ question 4*- If the fatigue test” of a s“ahple————— 2— ——— —-.—.——.-

bar is begun with a sufficieiltly small alternating load, if
this load is gradually increased ‘by stages’;”and if the bar
is subjected, in every loading stage, to the critical re-
versal number, under a certain alte”rn~ting load, u“p to”~fa-
:ti~ue fracture, the endurance streil~th “.ofthematerial is
not..determined”. The endurance ‘strength of the” material is
increaked by slowly incur’easi~{;‘the “alternating: load. This
method of increasing the l’oa”dby “stages. ”was .nev.ertiieless
employed, in the dynamic spa,r” tests”, since a v“ery great nunl-
ber of.:spars of l.ik~ design would”hav”e; be-en”necessary for a
det erminat ion-:of the actual enduranke “.stren”gtli”;arid the un-
avoidable deviations of” the: iudiv’id:na’ls~ars would have
cone.’ea-ledthe ef’feet of the impro”vefil”e”n%in’“the endurance
strength. of the mate.ri.al. “.Mo.re6v.er the al.terha.ting stresses
e@erienced Yy a “spar .i”n’an. ai.”rpl:an.e“are”.so .irreg~~lar that
-the comparison of.”tk”e.%e”al.t:qrnat.ing” stves.ses withtke en-
dur~.nce strength’ of. the material i.s’.not.fr’e”e‘frOm Obj ect iOn.
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2;; $Uper~”O:~&~ .S,tatic ~~St..S”.
.. ...—. . . ..,,., .... . ..,.:, .——.-..:

.,.,
Eo’r‘determining th’e“el’~s’tic,”””clle.~act~ristics of the,.. ,

s“ta.tic te,sts ,wer.emade, be f~ore t:h,e ,dynami.c’:tests.
‘ ~~~~s~V, ?,.,c.).““.,T,h”e‘load was inc,r:ea,sed..tothe r equisft e.
“ 9afe load, since ‘the”“spars, even on an airplane in flight,
are subjected to this static stress.

. .. ..:...., .,,.,,,:,,:. ,,

3. Dynamic Tests with Pieces of Broken Spars
.....,, ,,..

.>’:,.”’:.’.”, !.,,.(,,’.~.”,.: ....;.,,.;,,. .
,.,, ’.. . .. .. . . ,“, . .. .!, .:. .,

“In.-th,e dynamic test’s th”e”.,~pars ~~ok,e,.in,tt@e vicinity
‘o;f~,”.ih,,e”.:.t”ee.lf i.,tking, wher,q:..themaximu~, ,’@end.iqg moment s oc-

,.. cur”re.dand the “cross-sect i,onal transit ions ,had:a dynamically
detri”rneiita.leffect , Since. the break was limit,ed to one:

“ place,, loading tes,ts could be made..w.i}h the rema.inin.g
pieces. ln the’se tests t,here.was .no ,obje,ct in,producing a
co,mhinat ion .of,dynariic load. a,n,d.,s“u.perp~osed5tatic, :Ioad cor-
‘responding. to that on,an airpl, ane.’in‘flight, .These pieces
O:f,spar were ‘sup-ported a~ two points a-rid.s“ubject ed to sim-
p~e alternating stresses by the exe.ita.tion of natural v5..-

‘ brat ions. ,OVly in one” ca$e. was a superposed. static load
applied in such a way that the str.essee alternated over the
ent”i?e length of the spar from zero to a maximum value..

.EXPERIMENTAL, AFFARATUS ,, ,;,. 111..

s. ‘M.ounting”the Test Spar .:., .,

... . ,,. ,...”..’ :,.
.....” ,. .,,. . .. .

The “spar’s (upj,e~.,.w$ng.of,a brace d.biplane) ,were”mounted
cbrresp~nding -to,their posit i”on in an airpla~e. on its .~ack,
(ti~is.,.7an?” 8.) , ~he”.end, fitting Qf tll.e?par:,wqs faste,jl.ed
td q~neavy iron” test ,frame qf.about ..l0,(1QQ:~g, (a~out 22,000
lbo)e The”,bracing cable, ,running, in.,the .iqyer.ted-position
o-f the. airplav~, oblique ly ’upward to the” fuselage -was re-
plac eq..,~ya.,.ptindulums.uppo.rtrunning obliquely. downward (to
the right in I?igure 7) .“ This rested on a rigid wooden sup-
port anchored in the floor of the laboratory. The support
of the spar..,was th.erefo,r,e:very,:.rigid. It was .foun.dthat
the more rigid the support, the. better the. vili~:ation”test
“proceed e@, ,i~e., withou.,t:,.,beats and wit:hout .rsa.i-se~:Original
attempts to use rubter pads under the support utterly
failed. The spar supports are also quite rigid on an air-
plane.

I ——. —. .. ....—
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Vibration tests can be made on a.n elastic stand only witli
the ~7hole a:rplaqe or with. symmetrical parts. The only
disadvantage-of a rigid svppoit lies In the fact that COil-
sidera~le ’energy ‘3s tiansmitted,to .thefonndation; thus
renderin~ irnpossi%le the” measurement of the, enqrgy”absorbed
by the spar

,,
itself in “the d~fferent” sta.Ges of the test.

The spar was guided by “Iiinge i’parallel’ograms (fi~s. 16 aild
33), so that it could. not tip, buckle or vibrate sidewise.

,. ,, ,... . . ,...:.:,

2. The Unbalance
.,,,.

... . . ,.. .. . . ,-, .,.

.“The natural vib,ratiogs of .the”..s~parwere generated b~’
m.e’ansof ‘a‘r’evolving””unbalanced: w,e’i~ht”or “unbalance.” .:The
double unbalance, y]l,~ch“w”aselam~e$:,to;.the spar?. is,shown
in l?i~iire1* . Tile:~~”ousingconsist.e~ of the grou.nd.,.plat”e G,
th’e’sidewalls W “ai~da“ cover. !l12i.silousing “contained the

. driving /;ear ~. a-ridt]le”two unbalqn.ce ‘Gears U.l a“pd. .U.5.
-The wheel ‘“”Z “was,,driven, ~~’ t@e” flexible shaft B . thro~~:gh
the couplin: ‘K”. Ili“order”to free t~ie latter .from bendiilg
m~mcnt”s j the suiport ““S was,,.rigidl~,,.attached to. the hous -
ifii:.,T~~e ~~e’e~” Z enga~ed. U2 ~ ‘The..~>.eel UI Wa s
driven either by U2 or by .Z, accord:ng to the position
of, tke adjustable “bearing XJ1. The be~ring L2 was fixed.
To the unbalance ~heels UL and U2 were attached lead.
masses 1:1 and 1[~, which made tke w:leel unbalanced. The
protecting net around the unbalance is not shown in the
photograph. ..

In the spar tests the wheel U1 vas driven by TJ~
(couilter-r:tat ion) . The masses Ml and M2 uere symmetri-
cally ‘arrange”d. In”t~l::e””:test,therefore, only the vertical
forces acted p“eriodi~c’allyon the spar. These double un-
balances ~ere too h~av:~,and too broad for two spars, so

~~that tke s“ingle unbal’a.nce :shown inl’ig~re 8 was used, ‘the
all’-s”’idedexc’”itat ion of ‘T?:ich,di”d“no.harm ~hen suits.bl:~
applied near the ,elid’support . The ,tinba”lancewas ,driven;
throtiglia fl”exibleshaft”, by an adjustable direct -curreilt

,.

mot or ok”‘%y a“n:““alte“i%a”tiilg-current hot or. with an interme-
diate” :adjusta-ble fr’iction wheel. Tk.e c>~a.racter istics of
the varioii’s’$rivi’mg mec~anisrns are described in Section V..,. .

,,....-. . ,.. .—-— L—-—--—- ——— ——— ———-. ——— —-..——— ——— ——— ——— —— .——-.-——.-——— ——— --——————
* I?or.,t-ae various llses”” of double unbalances,
V..D.iI,.; 1930.

see Sp!!ht~
Dou31e: u~iba.lances’a“re aiso used in the D.~T.L.

for investigating the vibration characteristics of whole
airpla-nes.
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l?igur.e 9 shows. a piece of spar, as,:,a,be.am,,o.n,,twosup-..
@or.t,s.a”nda pendulum ‘supp.or’~‘yj.t”~.,unbalance “near it . The
‘lead masses s“crewed”to” i’h,e .s;~ar~.red.u’ce.’the”:’’natutalvibra-
tion number.

..:. .,: . ..’ .’. ,,:

3. Test Wedges, Optogr,aph,, Ta,chomet,er,.Tachograph,
,.. .,

Sc,Tatch .Instruqe.n& ,,.
..,’..-,.’.. .,

a) Test wedges
.,. . ,,.,.
“The ~+st tiedg,es,.~s;erv”ed fir direct m.~aiu”refiient‘of the,...:., ,.,,, .,. ,.,

v’i”bra”tion ,a’mplit.tide.‘:Tfi.eir mode--of operntlori ‘iss.hewn in
Figure. 2.’ .T~e smaller t,~e‘aroplft,udeat the ,meas,uring
po”i”nt,,t~,es’”rnaller,the ‘~,edge‘atigl.e,chosen ; Figures 6 and 7
show the .distri”bution of the” twel.ve”-test wedge s.””alongthe.,”.
spar , whereby the wedge angle was ,qdapted to’ tke amplitudes.
Witl? the smallest of “the”.~~dge zing’1’eshire use”d~ amplitudes
of only 0.1 mm (0.004, ”in~’)c~,uld‘tieeasil.Y rea~x ‘:”The bend-
~~g liaes obtained with,’the aid ,of the ‘t’est‘wedges were ,very
accurate and no t~oubl~s~me c~lc~lations’ were found rieces-
sa+y .

,.

P)..Op!ograp+ .. ,,., ,....,.

T~e, time i,at,e”””of,,~hevibrations call be accurately re-
,c?idedby the optograph* . ‘Fisure 3 coypcires,t’he flexural
or bendi,ilg,lines in’”vib,rations,. as rneasilred by tile test
““weclgesand by t,he“opto,graph. The af;r:e.ement is good.

.
c) Tachometer and tac”nogr~.ph .’.: . ..”.

‘The frequency “of “t~iespar,-Vi}rati,llF;in r“e”so,nance
agreed ~i’th t“he revo’lutidn speed of the unbalance. The lat-
ter v{a~ rneasur.ed’by,,a:tac”hometer’~hich”tias ‘connect ed.with
the” unbalance by a ;st~~ng ~rive .:’.,(’Fig. 7..’) The nutilber“of
load reversal’s could”bs ,read ori’a.:,l:20” counting rnechanis~
which was applied ~o the” m&t Qr,g“’.’., In’,a few tests the involu-
tion s~eqd was r,ecorded b~a””~.”V.”L. ,tachograph.,, (Fig. 30..),.

“d) .Scratch ”instrurnent,.!. .... .
,. .,,

The’ alternating ,stresses,,were rgeaisured in a few in-
,.

.. .:”..,.,
., :.,., ,,, . . ... .-— —_____ ———_——______.: .._&____ sL- _:____ -!_____ ___A _ L __________ .

‘“*Ii&ns Georg” K{\ssneri ‘flO>~idch-~hbti graph ische ForrnAnderungs -
“messullgen. liD.V; L.’ R&poit ‘S92,’Z.fi,li,,.’Vol. 2i” (1930) pp.

.

433-440 and””I1.V; LW’Yearb66k”1931, pp. 227-234.” ~or trans-
lation see N.A, C.A,, T.M. No. 610.. !.,,,.
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stances with the aid o“f“scratch-“inst.ru.mei~.ts, for the check-
iilg of the’“strei”Sei calculated from ‘tF;eme>isur6d. vibration
bending iines. (Cf. IV, 2, a and h.)

4. Superposed Static L,oad.,

a) Elastic susp.eqsion

In the superposed static loading of the spars in the
.Vi”hration test , the weights were susT,ended oil.soft r~.bt,er
shock-”aijso’rption cords. ” “(”FiZs. 5a and “7.)”“A h~,rdwo,o’d”’
block provided with small ‘guide strips wa..sp,lace”don tile
spar . Tkrough this” block pass”ed a screw bolt with a n&t oil
eic’h end which clamped the’ cord a~ainst the block. The. rub-
ber” cord. carried a pulley, throuzh which passed tl~e pia “of
a clevis, which, in turn, cair~ed the weight . ‘The ~ulle.y
was essent ial, because the two parts of the cord stretched
difflere~tly dur’irigthe test. Previous methods’ of suspe”n-
sior~ led to early breaks in the cord. (Figs. 2 and “38.)

The best shoe-k-absorbing system was determined from
..stat”ic and dynamic tests”. For heavy loads, ‘fa”bric-covered
rubber cords of 1’7 mm (0.67 ‘in.).diameter are, now used.
The number of cords should “be such that each cord Till car-
r~-a load of 50 to 60 k~ (110. to 132 lb.). For this diame-
ter of the cord, the best results were obtained nith a
prel imina.ry load of 65 ICG (143 lb.). “The load-elon~a.tion
diagram (fifl. 4) shows that, with a new rubber cord, the
elongation was the greatest’ for preliminary static loads of
50 tO 55 kg. The rulber cord’was somew’hat less elastic aft-
er a long vibration test,” as shown by the dash line in Fig-
ure 4. It should be as long as possible. The tests showed
that a lengtjl of 60 ;ti (about2 ft.), as measured in the
unstretched condit’j.on, was” adequate. The, preliminarily
loaded cord then had a. length of Z = about 85 cm (33.5 in.).
The elastic constant for the new cord,stretched with a pre-
liYoiil~.:.- load of 65 kg (143 lb.); tlien became c= 1.2
‘.Z&’c~i and increased in the endura:~ce test with several
million. load reversals t’o c = about 1.7 kg cm-l. This
elastic constant remained practically unchanged for a trav-
el of ~ 6 en (2.36 in.). Greater tra~~,elsdid not occur im
the vibration tests. For light load.s~ fabric-covered ,rul-
ber cords of 5“rmn,(0.2. in.) ‘were used..,the nl~mbei of Darts
.beinS such that eacli part carried a load “of’about.4 k~
(8.8 lb.).

.. . . .. . .
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.
b) @he” motions of ‘the ‘preliminary loads. .,,’,. .;.. ,--

Let the””suspension point’ H:’ ofthe mass U (Figs.
5a and 5b) undergo a harmonic” vibration of the rapidity
v(s-~). Let the distance of the suspension point from the
zero point at the instant t be d sin vt. Let s denote
the deflection of the ,mass M at ,the ins,tant t. Let the
effective elastic ,constant be c(,kg cm-’l); ‘Then,the vibra-
tion equation f“or the elastically” suspended mass M, disre-
garding the reaction on the vibration of the suspension
point,, the damping and the masses of the suspension cords,
is ..

M d2s.——
dtz

C [d sin (Vt) ,- SI 0

The general solution of this d.iffereritial eql~ation reads

s = A sin V1t + B cos Vtt + r sin Ut

TWO differentiations of s and int’rodtiction into the dif-
ferential equation yield the coefficients

{

,..
v’=- C and r = ———~”—”––-

ti
1-:V2

If the observation is ‘Degun at the instant when both H
and M are at rest, then, witli s = O for t=o, B=O
and consequently

s = A sin
f

St+
M

–––---––– sin vt~
1-CU2

Accordingly two vibrations may be superposed whose vapid-

ities V! =
f

~ (natural vibration of the elastically sup-

ported mass) “and v are widely separated. Their ratio is
approximately
., ,. .,; ,.

A. = .____LQQ.––_– = 20
t?’

r

——.—.-—
l.i’ X 981——____ .-——

65



12 N.A.C.A. Technical Memorandum No. 698

The coefficient A of the first slow vibration is deter-
mined as follows for the eildurailcevibration test, in which
a defiilite periodic state of vi”~ration must develop. It is
assumed that the vibration V’ is completely damped out at
t o.= Yor this time we then have

~g= Auf + dv dv—-—————— = v = —————..—
dt

1’-:V2 1-:V2

.Intihence A=o. The vibration of the mass M in the en--
durance test is t’hen

s= d.——————. - sinvt

aild Y.alf the amplitude is

d.
‘max = —————_.-—

1- g ~2
c

For the elastic constants chosen in the tests

hI= 65———————— =
1.7 X 981

().039 (s2)
c

and the rapidity occurring in the tests

v = 100 (s-l)

we obtain

‘max 1 1———— =
d

———————— = - _——

~ 390
1-CV2

For a very great vibration amplitude of d = alout 4 Cm

(1.57 in.), the deflection of the mass is therefore only

‘max = 0.01 Cn (0.004 in.). In the tests therefore no mo-

tions of the superposed static loads could be establisiled.
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c) The additional dynamic stresses due to the
.,, .,...’” ,., .,: :.. . ... .,

. superposed “load “ ‘ ‘“ ~~
..! ,.,.,.

As already shown and coilfirmtid.,by‘tests,” the motions
-of the. masses of,the superposed static lga~’were negligibly
small. The dynamic additional loads of.the su~erposed
static load were affected..only 31; the def~ections of the

point of suspension and by. the elasiic” constant and were
therefore easily calculated. The additional loads could be
reduced..in proportion as. the elast,ic.cord tias“softer “(and

Despi,te.the fac”$ that tli.elength of thetherefore longer). ..
cord, 85 cm (33.5 in.) for the’ spar” tests “i,nthe condition
of superposed load was limited by the height of the test
apparatus , the additional forces in the ’tests were very
small. I?igur,e.,6 c.ompares.the superposed s,tatic load and
the additional dynamic load” for the wooden spar’ II for an
amplitude of 4.4 cm (1.73 in.), d =..2.2,cT,1(0.866 in.).
The iilertia forces and the additional forces, however, were
opnosed. Ingeneral the ,additional. forces could be disre-
garded. Moreover the additional forces, due to the elastic
suspension. of the superposed load, coulfl be eliminated by
additional masses, firmly bound to the vibrating suspension
points H, As will be shown, the inertia” force of a vibrat-
ing additional mass at the reversal point of the motion was

.,”

,’ Pxl = - mxdxvz

as compared with the’ additional elastic force

. .
.. P “= :Xcx.X2

The forces ,cancel.out, “when “
.!

P;1 + PX2 = o

s’o that:

or

,.

.

dx Cx - mxdxV2 = O
.,
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.,.. . .. .
d) Advantages of the freely” ‘vibrating superposed “load

.,,

If instead of suspending weigl~ts, the force is gener-
ated by anchoring the cords to the floor, the additional
dYilamic forces will remain the same. It is difficult, how-

ever, to equalize the tension at the numerous 10ading
points (11 in spar II). Every cord. would require a dyila-
mometer to verify the preliminary tension, because the rub-
ber cords continually stretched in the endurance tests.
The suspension” of a constant superposed load on a rubber
cord is therefore simpler and more accurate than anchoring
the cord to the floor..

5. Excitation Of Natural VibratiOils .,
. . .

by a Revolving Unbalance

a) The 16,0”00.kg (35,274 lb.) test apparatus ,.

Figure 10 shows an ei~durance-test device, which was
developed from,the ?,evice for testing spars. Here tlie .
st~uctv.ral part to be tested did not vibrate of itselfj but
was periodically stressed by a loading lever D.” oSci.lla-
tiilg iil its natu..ral-vi’oration number. This lever, consist-
ing of two channel irons, was so mounted statically determi-
nate on two vertical snpports “A and B, that there was a
long overhan~ (toward the right in the picture) of 90 per
cent of the whole length. A double “unbalance G was se-
c’~rely bolted to tk.e free end of the overhang. This un-
balance was driven by a direct-current motor throutih a flex-
ible silaft K. itioreover, for the test in question, a s-~per-
posed static load H was suspended. by rubber cords from the
overhanging end. The lever D was secured against lateral
tippiil~, turniilg and oscillating by two hinged parallelo-
grams E which are onlj~ paitia.lly v“isil)le in the picture.
The horizontal rod C held the whole a~paratus in place
lon~itudinally. The single vertical bearing A (at the
left in the picture) was provided with a round steel rod as
a pendulum support. (Pig. ll.) This rod was supported be-
tmeen transverse k:~ife-edge beari~;-;s, roller bearings hav-
in{; proved unsatisfactory. mi..le test rod was made so loilg
that elongation measurements could be made On it with
scratch instruments of 20 cm (7.87 in.) gage length. Iil
tile test, due to the superposed static load, it was alwa:~s
stressed in compression. In the original form, the device
was provided with a te-nsion member at t-he bearing A. ~a-
ti$;ue breaks often occurred at the junction of the t.ensio~
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rofi. The part to be tested (in this case a connecting rod)
was mouiited on the tearing B. The corm.ectins rod formed a-..
““~eildulumsuppo’r-tb-etween central knife-edge bearings. The
supports A and “B were firml~ anchored to the base L
over a ‘heavy iron rail. .,

The lever D was now set”in vibratioll”hy the revolv-
ing unbalance; whereby the beari~~ force at E was utilized
for the loading test of ,the coilnecting rod; The amplitude
line of the lever D was determined %Y tile measuring
wedge. In the experiment shown, in Figuie 10, the load al-
ternated between O“and 16,000 @ (35,274 lb.) with”a fre-
qUellc~-of 560 times per minute.: ‘:.4tthis. stage the device

7“load reversals.had withstood about 10 Its vibration num-
ber could be changed someyhat by additional weights F 011
the overhanging end.

Figure 12 shows the endurance-test apparatus for S,000
kg (1’7,63’7lb.) load. In this case the structural part to
be tested,was mounted. at the bearin~ A. Figure 13 shows
further details. With a suitable form of the mountings A
and B and the use of various super~josed static loads, al-
terilating loads with any desired zero point could be ap-
plied to the 16,000 ‘kg (35,274 1%.) npyara~us. The resi;.lts
obtained wit-n this apparatus are given ‘ander’IV, 2, b.

b) The vibratins mechanism

T-he application of the vibrating mechanism is shown iil
FiCure 14. A spilerically-head.ed bolt was firmly clamped in
its spkerical socket X by ti~llieni;,~ the screw cap. In
tra:::.sversevibrations of the strut joined to this bolt, al-
ternatin~ bendirig moments develop in tile shaft of the bolt,
which, with sufficient amplitude, necessarily cause fati~:ue
breaks. The durability of the bolt under this stress had
to be determined by experiment.

‘lle fi:;::: W:s ;::v;;:;Ted’with the bolt: to the wooden bear~ B, “ .

with an unbalance e. A substitute iron rod D, instead.
of the strut, was screwed on tlie thread of the bolt. The
un’oalailce was driven buy”the direct-curreilt motor E through
a flexible shaft+ and its revolution speed was so adjusted
that it was in resonance with tke ilatural vibration number
of the,rod D, The vibration %endii_g line of the rod D
was determined witk~ measuring wedges. The alternating
fixed-end moments can he very accurately calculated froin
the bending line, the rod masses and. the frequency. Figure
14 also shows the superposed load, aFplied through a rubker
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cord., ,which exerted a fixed-end. moment,. so that, in the vi-
‘%f~tioil”t’es%’; ,t.hernomellt,al’ternated ‘oetween zero and ~ ~ax-
irnurnmoment . . The stia,tic moment mi,ght,.o.f,co:~rse, ~,e ap”-
“p}~ied in.ano,ther:,!irect ion ‘and magnitude .

..

,. ,., . ,,....... .,,”>....,:

Figure 15 shows the results of ‘the tests w~”th s“pher-
ical-headed bolts, The left-hand break (a) occurred on an

~~lmost the,,entire cross sec,tio:,s~o~”’sthe rela-.air]$’~&nei

tively ‘:sii’oot,,hf’a’tigne ,breaki” while only a narrow’ strip
throuGh the -middle has “the rough a~pea,rance of the static
break. “The’rnip.”dle spe’c”irrien(h) s,ho’ws‘a break p’ro.duced iri
‘th’ev’ibra’tion test ,~~ithout superposed loaclin”g, i.e,., with a
fried-’end “moment , which alternated bethe en’eql~al maximum
positive” and ilegative values. Thiq: ,A’pec’iue’nalso shows ~he
“syrnrne’tr””icalfat igue “break and, ~}le stat ic’ fi“nai ‘break in the
for;o of a nairow” strip throug-h’”<themiddle. “The last speci-
men (c) shows a break produced in the ‘vib’ratio”nt“e”stfor
the Griginal strength with superpos.e,d static. load. The fi-
nal &t”atic break did not pas”s tl~”ro.ug;h~tfie‘ceilte“r’,,but along
a chord far to, one side. “Breaks -a to” c “indicate that
the %olt on” the airplane was””,bro”ken’by ,’sifiple,s“tri~tvj.bra-
tioils “with.o”ut”superposed static stresses.

,., .
,.. . . . .. . ,,.,.. ...

.

I~r.. IITTERFRmkATION Ol? THE R3SU.LTS.,. ,., .

1.. Calculation of the Dynanic Stresses Result j.ng

from the Inertia I?o.rcesof the Spar
,!”.

The ifiertia force Px “of a vi bratinc ,,spa~section a.t
“ the point x with the mass

.
‘x 1s

p“=g,xbx~u. kg . ... .,,. x

in which ”tke acceleration is bx (~]s2) , for, the calcula~
tion of which the fol’lowin~ values, serve: “ .,,,

., 1.,.

u = rapidity =
~ 2U ““”.ti~e;-e ‘Q——— —.- per secoid,

60
is the

measured r.umber of’vibrations per ninute;.
!,. .... ,’,

ax = maximum value” of measu.”re’dampl iiude :at the” point
x in meters .. (Total, ampi.itude’ax = sum of deflections “in
both directions:) ....,.’:... :! .”.).: . .

,., .. .! ,.):,
... . ...- ...“
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The distance (s)-t ime (t) equation of the vibrating
mass e.s ‘x ~reads

ax
‘x = ~- sinvt

The velocity is then

dsx ax

‘X” = ‘i—t-= z- Ucosvt

and the acceleration

d2sx
bx = –––– = - u2~– sin Vt

dt2,
.

The maximum acceleration occurs at the reversal point of
the motion, where

ax
v = ——
x ~ Vcosvt=o

and hence, with

Cos u t = O and
sin v t = 1,

we have

~ ax
bx max = - v ‘2-

The maximum inertia force is therefore

or

.,
Px=- 0.00548 ax mx @z

In all these vibration. tests; the mass distribution,
the amplitude line and the rapidity of the vibrating parts
or of the “v”i%rating load apparatus were determined and the
dynamic loads calculated from” them. A few examples of the

.’ method of determining the inertia force are” given in Figures
18, .20, 24, 25,, 32, 34 “and :35. The dynamic bearing forces,
bending’ moments, tensile forces anti stres”ses were ‘calculated



~,frpm. t~e.~,i~er$i~,f?xcps .. ,by:.well-kno~n!rle:~~:d,sq;: .,.;.l
.,.’,,.!:,.

Of course the masses of the parallel” gu.ides ”and of the
unbalance had to be cons.idered::.’in.connect j-on with the mass
distribution.

.
Because of its @*eat mass, it was advisable

to install the unbalance near a support. The double unlal-
ailce weighed about 20 kg (44 lb.). ThiS ‘also lib.d tile ad-
vantage that the additional stresses fro~!lt’ne centrifugal
forces of the revolving Unba.l,ancei...weresmall (chiefly ne&-
ligible). The centrifugal forces “-Oftl’i”ellxlbal<jilCein the
16,000 kg test apparatus had to be ta~ell,into consi~,qr~tion,
hoivever, since they were exerted at the end “of “the’long “
Overhailging arm. ..,... .. . :..,.

2. The Checks of the i)ynam”ic Stress

:: :(Inertiia-Yo.rce,)-Galcollation -- ~~: :.,: “.
.,.,..:.’,.- !. >“, :

The above method. is doubtless all right, but a check
is ofteil desired, esnecial,ly when .tihemass distribution is
less accurately know;. Tlie various checks, which have thus
far been used in the tests, will now be “briefly described.

.... .... . . . .... ...: ..’
a) Direct stress measurements with scratch instruments

.,,’...

The mounting of the steel “syar”I for static loading is
shown in Figure 16. It was only sligktly modified for the
dynamic tests, as shown in FiGure 17’. Scratch instruments
were mounted on botb. flanges of the Qve:r-hanging arm at 50 cm
(19.7 in. ) from the supporting st.r?~t.,~ These instruments re-
corded the elongation a’nd the stresses durini< tke vibration
test. The tensorneter could, beu.se,d onl,y in the..vic~,riityof
the support, where the vibration amplit-~de of the s’par was
small. Farther from the .s.uppor”tt“~levibration am~litudes
and consequently the acceleratib’ils pf- the instrument masses
were greater, thus requiring excessively high clamping
forces for the instrument. Figure 18b shows the course of
the accelerations throughout the length of the spar. In the
turniilg point of the motion at the .ti},of .:thespar, the acc-
eleration was about ’23 times the ‘acceleration. due to grav-
ity and was proportional to the amplitudes throughout the
length ‘of”~ttie’spar. “The maximum qc~e~~r$ition at “the fixa-
‘t”io”npOilitS of the scra.tcliinstrumeil>ts“wtis’5.,5g..‘F.i$uie 19
ShOWS ‘the ‘.reCofd””of’:a“test-o””“It””snO’tisthe ‘125-fold ‘yagnifi-
,Cation”of’;the altiernatinS elon&ti&i5’ o’f~t”he”lo”wer.’fla:tg.e

for”an “amFlitude “of 36 “mni(1:42 in:;)‘~{;:~he““ti’~df $lle s~ar.
On the a~s”u’nrption”of”a” Young”f s mod”u~”us~~ E = 2“.2 ‘X”,lOG
‘kg/cm2, the..a~terri~fing,~tress ‘~. .<“+”~10’’kg~cfi2 [~:5,832
lb./sq.in.). When reduced to thewmax~mum amplitude amax =
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4.44 cm (1.75 in..) inv.estigate,d in Y,i&urc 18, the .experi-
mei~tal alternating stress becomes CJWV = -1- 505- kg/cm2
(~ 7.183 ”lY. /sq. in.) as compared with thz calculated alter-
nating stress of %r = 53? kg/cm2 (~ 7,538 lb./sq.in.) in .
FiCure 18. The 5per C.en,t,deviation is small enough, but
the anguls.r elongation record with superposed secondary vi-
brations in Figure 19 is less:,sat isfa”ctory. The disturb-
ances are largely ascribable to the poor fixation and t’he
relo.tiiely high instrument accelerations of ~ 5..5g.

... . ,.:.;
b) Scratc~- instrul~ent measurements of the

dynamic reactions of the su.pportS
. ;,..

The reactions of’the support s’fiobtained from the calcu-
lated. inertia forces can be checked by stress measurements
Oil tie sup~,orts. The measurements ares inpler, because the
instruments undergo only very small alternating; accelera-
tions at tke sup~orts. The su~ports must, of course, be
suitably constructed. Hence these meas~l.rel~ientswere omitted
.i:lthe spar tests., The test of the connecting rod was inade
with the 16,000 kg.,(35,?74 lb. ) ap;;aratus. (Figs. 10 and
11.) There was perfect agreement between t“he directly meas-
u~ed stresses and th.o~e cale~~la.$ed from the inertia forces.
The calculation of the latter is illustrated by Figure 20.
This figure is especially iiltended,to s“how the distribution
of the masses and the bending line of the lever. The lever
tu.rr~edprinci;pa.lly a’bo-.ltthe very rigid pressure bearing B,
while the less rigicl hearing A (witil.telisile forces in the
snpyorti.n.<;structure) yi.el.dedrlore. Fifty per cent of the
eild”ar.r,litlldeof the overhanging arm was due to the turlli-ng
of the lever, while the rest of tlie end amplitude was due to
tile bei~dinZ of tile lever itself. A few selected records are
showv in Yigures 21 and 22.

.The recordsin Figure 21 were made for a load of the.
cOnileCtill[;rod of ~ 4,000 kg (~ 8,818 lb.) and a superposed
static load of -4,000 kg.

,.. . ,.. .
-The two recordswere made simultaneously, by two scratch

iilstruments (D2 and D22) clamped to tile opFosite sides of
the test bar. The difference in the amplitudes of D2 and
D22 is due to the bendiilg stresses caused by the support
not being exactly centered., The interpret~t.iofi ’~f the dia-

. gr?ms,. which are magnified 110 times, yielded t,lle.results
given .i.nTable I. . .,.

..”
,,
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““”T,a~l@’:~.:“E1ldl~rafice.Test..of..a Connecting Rod

:.-:,:’.’.:,.”,. ...,
.’.. ... .. . .:””.

.—-,——.’ - ..——— —,_._—__

“’~E~!$H’!i

;O1Os;:; ,;;:__::
stressl”cr”o”s’~”““’

I’”Force

D22 mm ,X;10” mm %.,.,10 .J:gj.cinz.“‘::C“%2‘‘ ‘ ‘

. .
~ .,9.3,..

,., ,,

Calculated P = ~~7,207
cm2 X .

r
155 = sq. in,

kg/cm2 X 14.2235 = 1~.~sq.int ~~ ‘ .
hti~x ;03537~ ig$:...;?ngx,2.20462 = lbJ
....,.,.. ,, ,.’. “.. . ..’:,..:.. . ... ,

The agreement of;.the”,calcjn.la.ted.restzlt.s (from tie inertia
“forces”)antl the experimental” results is exceptionally Sobd.
The strg.i~-k~tli.r~esi’~~,the records are zero lines, ,the po,si-
ti~il of-which is. 11.eve”rthelessar~it.rary . The records <are
‘quite.re.gvlar wave f,or,ms. The amplitudes of tile high-fre-
quency ‘.sec”o,ndary,.vi.b.r.ations are” ,insi~nifi,ca.nt.,

.. ,, .,..
,,. Figure 22 is a hundredfold efllargement of a record .of
“,a coti.nectin. g-rod test wit-h an alternating load Qf about
~“ !5YC)00kg.(~ 13.,228 lb. ) a~d “a””supeiposed load of about
_~,~Go kg in tlie-conne~tins ‘rod. With a Iiundredfold eil-
lar”~ement , an appl:i.tti..de.of 1 r;im(0.04 iii.) corr~sp~nd. s to
a force of 755 kg (1,~~6 lb. ) ~n’tile test bar. In addition

, to the”.vibrational stres.$es tih”e-record also shows the fol-
l,ow”in~basic elongation” lines. “ ““”

,..,. ..

a,) Indi.cat ion of, the instrum”eilt for the stat i~nar.y ma-
chine with superposed st”atic load,

. ~,

b) Indication,. of .t.ileinstrument for the stationary ma-
chine without.”superposed, static Ioa”d; :.. , . ;

,., .,.:

In the following example the vibration record is ,eval-
u“at.wdand compared with tkLe calculated iaert ia forces.,.,- ,.,.,

,,.. ,, Test “’”” :“”’
.-

,.. 6 i65 “mm hal,f.-ampl.it,ud,e’:”corresponds.to .P’d.’ = + 5,100 ]zg
(~m2,62.in;) ,“” ,,, ,: - ,’::~~ ‘“ . ~ ,,=(~11,244 lb. )
7.70 mm static “dis~l”acenijnt corresponds ~to
(0.303 in. )

- 5,860 kg
s (-12,919 lb. )

Total P = - 10,960 or -7,50 kg
(-24,163 lb. ) (- 1,67’6 lb.)
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Calculat ion
,.

Force in test bar from inert”ia forces Pm = ~5 ,479 kg
(~12,079 lbo)

Force in test bar from superposed static load

p = ,7-:;::;7%0 ),. .,.“, ,.
Total P’= -11,329 or -371 kg

(-24,976 13. ) (-818 lb. ),.. .......
Thevibrations are not very pronounced, .SO.that the

result of the evaluation is not so good as for Figi~re 21*
The, most important” thing in Figure,22 is the ,experimental
proof of ‘the sliifti’n~ of the zero, line of th.e,loa,ding by
the superposed “static” load.

,.
c) Comparison “of the measured bending line

,,
with the bending line. calculated from:

a) The inertia forces and the course of the experi-
mentally obtained bending stiffnesses EJ along the bar,

~) The inertia forces and the iilfluence coefficients
for the spar deflections, as determined in the static tests.

a) If the inert,ia forces of’ the vibrating bar (from
the vibration bending line, masses and frequency) and the
bending stiffness EJ along the bar are known, the bendiilg
line can then be calculated by well-known static methods
(graphically according to Mohr; mathematically according to
Mtiller-Breslau) . If the calculated bending line agrees well
with the measured, it is a proof of the”’correctness of the
determination. of, the dynamic stresses, ‘into which errors may
creep, e.g., through ,false a“ssumptiOns of the mass distribu-
tion. The course of the bending s$”iffness EJ” can be c&l--
culated quite a,c,cura;telyfor,.metal spars”. Experimental de-
termination is desirable, h“owe”ver,”for ‘wooden parts, because
of the unknown Youngls modulus whi.c”hvaries al.’ongthe spar.
Fig”ure “16 is a photograph. of. a static test. The deflections

““are read with .the,leveling ,in,struments .on the ,measuring
strips, and the flange elongations are r~,ad with a Huggen-”..””
berg tensometer. From the measured ,beilding’lines we obtain
the EJ curves by two differentiations , which how”ever yield
relatively inaccurate results. Very accurate EJ curves
are obtained from the elongation measurements



. ... ... .. ..,---- .. ... ,,,-. .. . . . . ,. ,..-—---- . . .. -. .

..M (d. +’”du):.~”!~kg,cmz
EJ = --–—--— ------In

. $U. - co, ., - ..: ., : ,:. .. ... ,......,... . .. .-_,. , ........... ....“, .
, :.’: “,, . . .

when ,..’.,. ..” ...,,, .... ..... .....: ........
.,, ,,’... ..:

11,~the ubend.i@ mo~ent in kg cm in the tested cross section,
,.,,,. ...’. . ..,.,,’,,.:.., ...”.

Eu, ~the c0mpkes5Zo~l or, elongation of the lower flange as
r.easured at the distance du (cm) from the zero line,

. .. . . . .. ., .. . .::.:.:,’”’ “’, -.. . . . . . . ..: ,.,. . .. ,’.,
cd; ‘the elonga.tioa ,o.r.comFressiop 0,f~t3’&“u~pe,r,fla.~&e as...

..” measvre,d at,}$hed,i.stance d.o:.(c~l)””,fyom’”the”?ero”~ine.
,“-.:.,

The determination of the
..

EJ:’””va.ltie.sa.li”dihe, compari-
son of the measured and calculated vibration ’beniiing line”
fo~- the wooden spar I are s~go,wnin~Fi,gure 24, ,The order of
the measurements is shown in Tigure 23. The” measured
Sti-~.ins(calculated. for stress wit.h., ~,=. 14~,0f)0 kg/cm2
(2,076,531 lb./sq.in.) are cor.pared with the purely mathe-

EJ ,val,u.escalculatedma.t’ical.values’ in.l?i~ure 24b.. .T~ae.:.
from t..i-6elongations are. plotted ;p ?ligure 24c a.ibng ,with..,
the inertia moments J.

.. . ... .. .. . . . . . ... .. .. . .;. .... . .. ,.. .,.... . .
,“’

..

... ’-.

E=EJ ;xp)Jcalc = “’ ““-146,00’0 kg/cm2.. .. ........ . ,./..’:.”
AI s ~o~.J-l.-J~ ‘f.rofi:~-n.is:~~ean..val’ue i’ilde~~iations “Of Youn~

‘i”nd”ivi&tial’c’ro’sssections are “app”a.rent...iomom “the ‘pl”otting
Tli.ti
t11“e

“the ““ “’- ,.. . ,. ”,...alo’,i~’,,,,,sParO ,.,.,
,,” ... .

. ,~..’.’ ,..
““‘“l~”’&~@l~rve24d “to 24”f are “plotte”d ‘t~lerna”ssdis.tr.ihut~oil

d ,,f’o,l-,,th:e :ds~nafiic,test, the “’vibra%io”ribending line. e..“and,,..
t.:i’e“tl.”erefroii’calculat’e’tiinisrt’ia“f’oY;ce:st fOT the vib’r.a-..-. ...
ti@it,nu~itie”’r,$ “= 1“’,l-20,i~mi.n. Fro’m tl~:esein.e.rtia forces and

““”‘tile.ex]~tir,ime,;,t,al‘Beniiii&’st iffness es“ “EJ , the bending lime....... .
1s a}~tiincaldulat ed ‘“a”c”cording to the “method of the 11elastic., ...
ve igl-t,s~l‘“a’tidtioti~a.redin ‘I?igv.”re24g “with the ..directly meas-

‘uf~d ie”adin~:‘lfndi” ‘T36”‘c’al@ulated l.ineisriows:only a-oovt 5,,.,
tidr’teat greater defections”. ‘;OtYie:rwise tlie t:wo lines
a~r&e v“e”rj’veil. The 5 p6r “cent discrepancy is attri but-
““a”iile’”to“t-hef“ac”tithat ‘tlhe“load :ac”ted:for “a lon& .tir~e.ilzthe
d;ierfiiaat~~bn of the : E’J””vzilties“in-tR6 static test , ..~;~er”e-
‘D.,,~~le””~~stortitills~ ere(;reatei ‘:.fy~ati$ntiery:short “loadi.’il~s,.
as i~l the’vibration tes”t~’ .“ “.. : ‘. .’” . .

:.. ...,,, . .... ..“. ....:. .: :,, .
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~) The method described under a requires a greater
number of te:nsomet,er:s. ,It al.so.hasthe disa.dvant”a~e that
the sheari-ng ‘disfortioris are disr’e{;arded in the recalcula-
tion of the bending line”. Ano”the”r“simple method was there-
fore adopted for the wooden spar II. The bending,lines of
the spar ,y,eremlea,sured”at 2.1 points under a stat-it load of
150 kg (330 lb.) ;,wh,ich was: successively applied *“o 21
cross sections of the spar. The deflection at the point i
on t}:le.spar resulting from a unit .lo$id at the cioss section
II is designated by ~ilz. The influence coefficient s were
obtained from. the test iith a shifting single load. The
bending line ”can now be ca,lcul~teil from’ tl~e iliertia forces
and ii~fluence coefficieilts.

.,

The inertia force is calculated for the wooden spar II
in Tii;u.re25, while the inflnence coefficients ~i~~ are
Given in Table 11s (See pa{<e 35.) The vibration bending
line, as recalculated from the inertia forces and influence
coefficients, is compared in Figure 26 with tiie directly
measured vibration. be~tding line. The al~reenient of the two
litles is very. ~ood. Contrary to expectation, the calculated
deflections are smaller than the measured ones. This dis-
crepancy is ap,pareatly due to the buclzlin[; effect , which is
not coatair.ed in the influence coefficieiltso The method of
chec7zi:~Gthe calculated, inertia forces by recalculatin~ the
vibration bendinG line -with the aid. of the influence numbers
6 .,,r, was also used successfully for Vibratin<; spars ia tlie
mt;~f;;strv.ctu.re.

The comparison of the calcula.teri with the measured vi-
bration I)eriding line of a two-spar ~.iligin l?igu.re27 SIIOW-S
satisfactory a~reeuent, so t-hat the approximately calcu-
lated mass distributioil. of the wing is sufficiently exact
aild can therefore be used with satisfactory ac’ctiracy for
every other dynamic verification. ]joreover, the agreement
of i~lea,surementand calculation shows that t’he static in-
finer.ce coefficients 8ik can be introduced even into dy-
na:.liccalculations witli adequate accuracy.

,,. .

v. EXECUTION OF THE TESTS

,. 1. Driving the Unbalance .

The execution, of the test deyends very largely on the
meth-od of d.ri~;in”gtlie unbalance. ,,..,



.. a) Alter natirlg-.current ,motor..with adjustable
,. .,,., . .-.,.,,.. ..

...f~..ction drive,
,.,. ...,’.,.. , ,“. ..”

This method”,,is”me:l ada~~”ted,f~r .determilling resonance
curves, be~a~~se i.t ~s possiblg to.,adja,s~the driving gear
so as to ma,i~lta,inany ex.c:iting: frequ.en~y~ :,lf$ in’.an end~l.r-
-ant’e test; tlie frict~on drive }.s.SO adjuste~ as to, produce
.resona;lce between the revolution. speed of ~~~e un?)?.lance and
the ~atural yi%ya.tion rap,idily of the’ struct’.~T?.lpart ; ~}~e
test t~len:reqNires n,o:further spe~j.al .att,enti.on$ hecal-lse no
cessation of :the resonance is ~o..be feared .so..loq~ as the
spar does not begin to break agd: the. bearing conditions .do.
not materially c’hange.
,.. ,. .,, ”...

b), Direct -cu?reilt motor with Leonard control
,. . .,... ,

.Ey this. method .>.nydesired “yevol-~t.~on. speed can, be.
easily. obtained without ,the-:u-.sgof :thefr%~ti on, d~ive which
inczeases the difficu~}:y of,~etting up tkete~ting apparatus.

.,,,... ... ,.... ..., .’
.. c) Adcjus~a~le direct -cllrrent wptor

,., ,., .
,, ,.

~~le. adjllst.men{. iS Wade either by the upward ad.jusimeilt
of a,~~o’tor of s“m~ller.revolut~o~ speed :$han:.the resonance
r?,pidity” by wealyening tile field, or by tb.e downward. adjust-
ment of a high–speed motor b; veakeniild t~~e armature cur-
rent . Tlie speed of tiie direct- c~lrrent mot~r depe:fidsoil the
pouer absorption of t-ne structural part and on tune fluctua-
tions in the voltage. Heilce an endurance vibration ‘test
~ith dj,rect-cu.rrent drive requires close atter.ti on. 3Y
wa,rmiilG or by voltage f.luctuat ions , the, motor is apt to
lose. its accu.rately, adjusted resonance and legin .to ra~eo

.,. ,, ,.,
,.. 2:””””The .Phenome20n of Breaking

...”.
..T.hesensitiveness of the adjv.stable direct -curre~~t mo-.

tor is very favorable for tile execution of the test at the
beginning of the dy-na~fi:.cbreak. The change in the power
absorption of the vi brnting part by the d~na.r:iicbrea’~ is so
{;reat that the incipient break is imweikia.~el~- evidenced b;’
the irregular course of the vibrations and the racing of
the motor. If these .:i~;ns o.fa break.occur, the test is
immediately iriterrum ted.and the break discovered in its ini-
tial stage. l?igure~ 28 and 37 show %reaks of this charac-
ter, whfch were discovered by the tirnely interi”-mytion of the
tests. In a resuupt ioil of: the test , tlie break advanced
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about a centimeter during about 11~,000 load. reversals. The
break was then com.plbtied in abolit 300 lhore load “reversals.
Figure 29 ‘shows-, in ‘the evaluation of a.n a“rnplitude record.

that,no re~<ular vibrati~n could. hemade with an optograph,
obtained “aftera”.dynarnic” breakj due to the coristantly chang-
ing power a.bs”orpt.ion:afidstiffness of the spar. The ampli-
tude increase~”~~ the break pro~resses, wliile the”natural
frequency decreases. ..The“revolution speed dimin?.s,hes im-
mediately before the complete break, ‘due .to“:thegreqt en-
ergy absorption ‘for the work of breaking. ‘As soon” as the
break is cotipleted, the e“ngine begins to “$ace.: ,,~S“eCtiOil
of the revolution-speed record””for the”steel spar I“ is
shown in I?igure 30:’

.’

3* Discovery of ‘a Dynami”c Break

This is often very difficult. For metal spars with
closed sections, the following met”hoclis recommended for
finding tlie breali. Before the beginning of the vibration
test, the inside”of the spar is smeared with thick dark oil,
while the outside of the spar” is kept free from oil. The
great accelerations occurring “in connection with the vibra-
tions force the oil throu~h even very fine cr,acks, so that
it aF~?ears as a dark line on. the outside of the spar. Vh ere
rivets are used, this method will show rrhether they are
tight, because loose rivets ivould let the oil through...:

VI. TRST PLESULTS

1. Steel Spar I (welded)

T“fiisspar was made of thin Swedish c’hrome”-nickel steel
plates of 125 kg/mm” 2 (177,794’ lb.,/sg.in.) te~isile stre~~{;th
forming a box with poi~t-welded. joints. (Fig. ’31. ) With.
respect to the vi-oration strengt-h, the flange material was
very unfavorably a,ffected bjy the ’welds bet;~een flange and
veb, which lay” i’aa highly stressed part of t-~e flange.
Moreover, at this point of weakness, local stresses were
produced by the transmission of forces at the junction
‘points. Two tests were made.

a)”.~ntire spar . .
. .

The mass .distribution, bendin~ lin”e, ,iizertia forces,
dYnamic stresses and &uperpo5ed. static Stresses due to the
10ad factors ‘A = 103 ar”erepresented in Figure 18. The



‘ mos *“” i~.~”rjfIja“~t nurn”e’r”i’ca~’vii”i~~e”s.... ‘Ob’~ ~-”i”ne~”’&ur i“n’~”-”~he t“e ~t ““
taie” “fjiV”&’n i~ Tabl&”. 11~”0 .::,””1.::? .:: .:. (“ .’::?.,: :,!::. “ :,

,, ., ...-..,...”.. . ..’.. ,:\-,’”:,:. :“... ... ::””. . . . . . .. . . . .. . .
. . . . .:.. . . : ..:, . ..

T’he.’b~eak ~in the”.lo~ek~~fla~l~e~“of’t“~l”ei’iner tay” near ~~,,
,,:tie “strtit‘f’it’ting .proceeded:”~~~a’s’:shotin’iri~ig:ure 31 j froin.
--.’fhe.”riiddle,of “the weld jjdlnt a’ t+ the mi”ddle’o~’”f”fieCIp-

po$lt~.’w+.ld point. , A’piec”e”:of the:strut fitt?ng ”was,,”to,rc
Off ~.t“tLi5’QOint Of’ru@ti.ljje””“’a’=The ru~tv.re”’of twe web oc-
ctirredaft”er tliat:‘of tilg ‘flail(<e*‘“”‘It.‘is wdith~ Of ’note that
th6 break6ccurre’d At:”tlie f’irsf“tield which joined ~i;e strut
fi~tli~~ tO the “flan.~e:arid’~ilich“’then gave fise to”:great
stre; ses”i’ Tile”flazl{;~’b%ea:citi&:”skresses””vere t~ere:ore
qllite small, despite the small number of bie.aking-load Te-
ver~;a.ls, as shown in Table,.IIT .., . ..........”.“....,,’:,:“,. ...,”..:’,. .’.

“o) Inner -piece without overhan$
:,. ...... ... .:..,,. .,,,., . ...’ .“,.

T>e “mo~.iiitingof the inner piece- (?’;hich‘t “’ ““vas un~larme@. in
t“’.i&’firsttest) “’asa beam oil two’””s~~.~Forts, id sh;mn in Fig-

..::tire,~~a .,Si”nce “the stresses at the break ic,g@otnt ir:tie
ftfst test alienated bettieeil -2.8’ and 19;8 kg/rfim2 (28,163

.. l’a;~sq.’in. ) ““a”nd‘“therefore &orr&5j”o”i~c~.ed:c10s61”~ to “the ,
stresses of l’orig~li~.l””streng”t”h“““”(”altern~tionstietwee~~“iero
aid a “maximnni va171e), tlie in-uei -oiece tias t’est”edwit’h re-
spect to “i”tsl~;dri<;in”a.1:stretigtli::ll’Figure 32” sho~~s tile cal-
cv.lation :of t~.e sniper”posed static ind. ‘dynamic stresses,
wtiich, throu~”n an ap~)ropriate choice of the superposed st,at-
ic load., fluctuated ~et~een zero aild.,,al~ax.i~i-,url~value. The
‘prir,cipal nur:lerical test””da-t’a“ire”{;~ven in Table IV. The
beg5.~n~i~g of the break ~,svisible in lj’iCure 25. TPLe break,
str.rted at a wel d,”uhic”h, kovever , “’j”oined OnlY the web and
flange and was therefore not, af~ected by the neighbor iilc~
melds.. Althougli. ’the “mat”erial’ had a’ strength Of 125 kg~’mm
(1’7’7;79:4lb.j’.sq.in, )“,the break” occurred in the first vi-
br~;~t.”io:i.t’est.aft’er only” “432,00()”’~oad ‘reve’fsa~”s”ua~.er t“ke
very s’nail.alt er:ll”ating str’e’ss““o””f~-w”= + “11;3 kg/mm2
(~ 16,07 Z”lb.~s:qli’n~) and. “us = 8,.5k&/Zm ~ (12,090 ii./
sq..i:n.) p.~elirninary”stress, “and t“h’erefo’reat’ a total’ a;lt.Gr-
‘ahtin”.g‘stress”‘of ‘-2.8 ‘to 1’9”.8”k~/rqm2(-3 ,9133 to 28,153 ~.5”.,/
sq. iii.).: In the ‘secotid vibreti,on test, “t”he~oqplet.e brea~;
occurred after 325,000 further load” re~~ersals with ‘an alter-
nat 5.nR stress of O to 19 T.c{;,/mm2 (,2~,025 lb. /sq. in. )(pure
orig;inal stress) , The t“tiotests tlierefore agreed well. The
attained ori.~inal brea~:ing stress 0,1,,of,t}~e spar, at tti.e
~’i’,”en :.t’ens’i’lbStr.eng’tll d; ~‘0f t~~e-il”ai~~:,p”mat e’rial Oz =0
125 k’g~m’m2:(17’7,7g4 ‘lh./sq. tti.),’ vas” o~l:j ‘:” .,..,,. >,-,.,.,. ...
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2.” steel S~ar 11’ (riveted)
..

This spar was made of ,,the same thin Swedish chrome-
nickel steel plates of”125 kg/mm 2 tensile strength as spar
I. The flange and web and the fittings:~ere joined by ,“
rivets. Two vibration tests were also made with this “spar.

The test arrangement is shown diagram-a) Intiie spar.
atically in l?igure 34.

b) “Overha’ng as beam on two supports. The overhanging
~art was not harmed at all’ in the first testq It was also
provided at the tip with a’pin b“earing and mounted as a
beam, on statically determinate supports. Since the short
piece of s~ar had too hi&h a natural vibration number for
the test, it was weighted with masses of lead securely at-
tached by screws. The installation corresponds to Figure 8
and tb.e test results are ~:.lotted in I?isuie 35. The priilci-
pal experimental results for the entire spar and for the
overhang are given in Tible V.

The breaking cross sections lay, in both tests, at the
point of the greatest alterfiation of tensile and compressive
stresses. The shifting of the stress picture by the super-
posed static load in the first test was not very great and
is disregarded in the following discussion. The two tests
agree well. The alternating breaking stresses were:

Test 1, Ow = ~ 15.4 kg/mm2 (~21,904 lb. /sq. in.) at 700,000
load reversals,

Test 2, av, = ~ 115.O kg/mm (122,758 lb. [sq. in.) at 58,000
load reversals

The endurance vibration strength was therefore still
under

15.4 ~
CTD.=. 125 z.——— = 0.1250Z

With respect to the cro&s- sectional tralisition, the rivet-
iilg, etc., the s~ar was similarly built at both breaking..
cross sections. ~ence t}.e two breaks look alike, as shown
in Figure 36. Under the continuous flange, a reinforcing
plate began shortly before the row of rivets in which the
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break occurred (first r,~ve$,.,rpw). ,~he”single rivet in the
middle of the flange”’iliows t~lat the reinforcing plate con-
tiilues toward the right. It terminates therefore at the
left near the three rivet~, .,~ence::tlle:.brealnalso runs
through tl~e rivet edges of ’the ~ain section on the left.
To the right of t“he rivet s,,tile main section was relieved ly
the reinforcement. .To the left,, ,o,nthe contrary, unfavor-
a-ole st”re”sses’“were ““prod’u.c.ed‘a’t’the rivet holes ii “the “con-
tii3.UOliS‘fla~ige “by the,“transm,i’ssionof the stiress’e’sto ‘tile
x :e:injfor”ciilg”st’”rip . Figure 37 shows the Yreak which devel-
oped equally in both dire~,t,,ionsfrom: one’ of tk’e’t-n”;ee:...... ,.

..neigh%or”i”rig””””rivets. ..,!.”.

I?or the fo.llowin,g reasou.si the: f,irst rivet row ‘a”fford~
excel.leiit place-s for” the dynamic brea%,and is the c.iiisp~for
the’ small tilternating; strength.

.,. . ,.,,,
, 1., The ‘re”inforci~g ,pl.ate ends in a smooth skct ion

crosswise to the Iongituilinal ,corrugatlons and does not ta-,.
per ‘to a’point; It ends:~i,n.fu~l..,width at the fir~t row “of
three rive”t,si “Tile’”succee.dingU- ‘rivets are “placed at louser,..
i-ritervals‘“and‘a’resta[jgered. :,The’,stress.tra.nsiriisiio’nfrom
the contiriuoi.s flange to “the “rein~orcing plate therefore
occurs chiefly in the first row of rivets. The first rivets
are thus very gre,a,tly.over,str.essed and. there are ‘very Zreat
str:ess c!oncen”tratfons .i’n,.th.e.vicinity of the rivet holes.
‘Thestresses in tli..e“;co~l,t.”ipu.ousflanges “concentrate, even

,,. .
Wi’thout t’he force, trans~~ssion::~h~ oug~~ t;h’erivets”, due to”
the effect of” the @oles on tke, rivet-hole walls;,,....,.. . .’

2. “~The arrangement ‘of t.lree rivets ia one cross sec-
tion is detrimental, due to thesupe’rposing o,f the stress
coilcentrait Ons. “ ‘

3. The ,riveting i,sdefective, due to the profile
cl~rvatv.re a“t most of ‘t’heri~iet”ingpoints . Thd flange sur-
face is sOme~hat impaired by the pressure of the sharp
rivet edges, so that n,,ot.c.heffects a,re.to le feared..,’,’. . .

It is necessary to gr~dvate the stress transmission by
taper iilg the end of the plate and to ‘a,voidriveting in tb.e
out er fibers of the flar.,ge”c“o’rru~;ations . It is sufficient
to include the flange filling in the st,~.,sgeredriveting. :

tk~iei-out to two points.,The rein.forcing plate s,must ‘then .,,.. ,,.,,,.,.,.. ,, .’. .., .,, .“, .“’......... . ., ,. .,’
!..-. . .’, .,’

,..,. .
.“.
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3. Steel Lattice Spars . .
... . ... .;,, ,’.:, -, ,, , .
. . .,, :,, .,

The spars described under a and b had plain webs.
The diagonals of the lattice spars, on the contrary, were”
each attached to the flange,,w.ith.the aid of fittin s.

5
The

flange material had a tensile strength of 75 kg/mm (106,676
lb./sq.in.). One of the three spars tested was mounted for
the vibration test with a’ superposed ‘static load correspondi-
ng to nA = 1.3. (F.i.g,38.) Table VT gives the iesult& of
the four tests with t“he three spars, spar No. 2 having been
repaired after the fi’rst break.” Three forms of breaks oc-
curred,, as shown in l?igure 39.”’

First form.- The breaks of spar,l, 2b2 and 3 Were———————__
alike. Hence only the break of spar 1 is shown in Figure
39a. The break occurred in the first rivet row “of an over-
lapped joint and’ is attributable to the same causes as in
the case of the riveted steel spa,r II. (These plates were
not originally present in the. tested spars~, but were riveted
on , after the spars had been” ‘d”amaged“in a static test. In
doing this, there was no thought: of using these spars for
the dynamic tests.) Despite the similar appearance of the
breaks, the breaking stresses differed greatly in the three
cases:

Spar 1. ~ 4.5 kg/mm2 (t 6,543 lb. /sq. in.,) after 2.29 X 106
load reversals,

Spar 2~2. ~ 3.2 kg/mm2 (~ 4,552 lb”./sq. in.) after 1.88 X 10G
load reversals (and 5.13 X 10G load reversals
with smaller stresses),

Spar 3. ~ 2..4 kg/mm2 (~ 3.,414 lb./sq.in,) after only 0.46 X
10G load reversals. ,.

Second form.- The break of spar 2a (fig. 39b) be~ari at-————_——__ _
the first rivet of a joint “fitting. Great stresses natural-
ly occur at the rivets of such a joint, but nevertheless the
extremely small alternating breaking str=ess of 3.1 kg/mm2
(4,409 lb. /sq. in.), ,after only 2,.!34X 10 load reversals was
surprising.

Third form.- As shown.in I?igur.e.39c,the break of 2bl—-———___ __
proceeded from a,n injury (bnlge) resulting from a previous
test. It is.the only break in,,all.the steel-spar tests,
which did not start at a “rivet hole. At “a’high load-rever-
sal number, the alternating brea~~ing stress was 3 kg/mm2
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(4,267 lb. /sq. in.).’” “ ‘“” -T~le i’ati”o”o’f the alternating strength
am to the tensile strengtii of the material Oz varied be-

twee~y,q.w =. 0.,~32 LTz an~.,:ow:,,:= O i0.61,Oz ::and. w“a:s”there--,,.,. . ....... .fore’ “v,erFipo.or.:”: ,- ..: ““”’ ““ ,,:,, ,,,
.. ... . .’,.,,..,’.,.:..’:.. ::. .. .,...’.. ,..

.... .....,+, 4,. 3u~’a.luln.5.n’LatticeSfiars “~ “: ., ,,
.:,:,,..,. -.. . . . #~,!.:”.,;....-...’ .-.,:.,, ‘.. ,... ..

.,.Two dyralpm~n:.l~tt ice spars, .”bf the “satie”ty~e’ qs t~e
.’:,,

..

.. .s~eel ,latti~e spars, were t~ske~afor tileir vib~.ation ““””’
3ot,h ,.broke,,,stren&th. as. shown ““inFi@ir’e 40 ~ ““atthe s“d~e

,.,tioint in the first riv,et ho”le .of“a jo ifit“’”fitting(cf;”fig.
39.”b) a~ld’under the same str”esse”s”‘“’ ““”““ : ~~ ““ ““““

1
;. ..,., ! ... .’! .:

..,. J.,
=“;+”3 ..8lcg/.mm2; CT’di,n = ~ 1..8’kglmrn2 ‘.gst.a.t:.:,.,, ,, ,

‘w ...... . ....,, ,,. ,.
‘“”one after’’~.’8 X .lOC and the other after 0.3”7 X“’106 load.

The st”re:sse.s.,q,ttaineda~e Very ‘smtillin compar -“r’evcrsals.,,
“’””isoa wit?.’the te,ns.,iles.t~,engt.hof duralumin.of’ about Gz =

““””40 kg/mm 2 .(56.,.’89.4.l%./sq. in..).., ~ ~ .’
.,. .

“L* Wooden Spar .Iwi:th Sp.rv.ceYlanges
,,...,.,.’

a) Source aiid type of spar :.

The, spar jnypst>gate.d;was talc,eil from “a bi~lane whic~l
in 1927 was subjected to a Case A breaking” test, in which
the front spar was not damaged. Before the beginnins of
,the test in Jflarch!,193Q.,.it :ma~ remov.eh’fro~. thawing,”” ‘
‘“wliich”had been .kept till then i’.ti”a hangar of the D.V .L.
wiiilout any special protection. ,’.

The wooden sp~r ,wak ,Qf,the standard box type. The
fldn~es were made of spruce and thewebs bf’birch plywood
with dia~or.al direction of the grain. Plywood with the
grain parallel an,d .,perpendicula:r,to the spar axis was glued
to ,the o~lt,s””i,d.eof ..b~th,fzanges. : ““. .. .

b) Results of the vi.b.ration test” :
.. . . :: . .. . . .. ,.

The test arran~’ewent and results are shown In F“i&ires
24 and. 41. The test results are g~.ven in Table VII. In
this ,test ~h.~ arnp,l.it~~dewas::i,n:cr:e,a-s.ed :.info.tz~””.sta,ges, uiltil
‘the.>r ea’k ii.cc.<~r~“i:.,,.~r~est,re,s.s;vari:ati~on-:alon’&,the sp~r
for” the” lowest loa.di,ngstage ‘is reFresente”d in’Figure” 4“1.””
The spar broke after a, total of, 1.95X 106 load reversals
on the inner ,bay of the lower flange in the most highly
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stressed .cros~. sectio,n, at a:.po.intw’here the superposed
static stresses were very small. The “hrea.king cross sec-
ti”on, which is v..eryilluminating with regard to the, dynamic
breaking of a wooden spar, is clearly shown in I?igure 42.,. ,. .

The break, beginning a~ a, ‘has’at first the charac-
teristics of a smooth continuous ‘breizk(as if cut with a
saw’) and gradually’ grows ro”ug’herto the other side of” the
spar and passes into the final static break. The same phe-
nomenon is also exhibited in the outer plywood layer.

*

Before the break the amplitude was a%out 10 cm (3..94”
in.) for the last dynamic loading stage amax = 11.4 cm

(4-49 ifio). Shortly before the complete break, the ampli-
tude fell to 8.5 cm (3.35 in.). This was due to the in-
creasi~~g enerc;y absorptio~ of the advancing break. Shortly
before the beginniil~ of the break, the flange stresses were:

TJpper flange. o = -240 kg/cm2(-3$414 lb./sq.in.)(no break),
210 kg/cm2 (2,987 lb. /sq. in.)

Lower flange. o = 240 kg/cm~ (3,414 lb./sq.in.) (break).
-210 kg/cm (-2,987 lb./sq.in.)

c) Analysis of the results

Since it appears that the results agree extraordinarily
well with the-expectation based. on tk.e durability of the
material, they -will be described here in detail.

a) The durability ad of.the material used.- The num-
——————— -._—_—___________—__—— .—————————————————

ber of load reversals, which a piece of material can with-
sta-nd without breaking, depends on the magnitude of the al-
ternating stresses. According to recent tests of the al-
ternating strength of wood, there is, with decreasing alter-
natiilg stresses, a rapid and uniform increase in the number
of load reversals which the wood can withstand without
breaking. Only when a certain alternating stress, the dura-
bility, is not exceeded, will no break occur, even at a very
high number of load reversals. The durability ,of a material
has therefore certainly not been .exceeded if the material
has reached a certain .critical number of load reversals.
This number was fixed for spruce at n = 2 X 106 by,the ma-
terial section of the D.V.L.*. The durability.of the ma-
—————_—_._-—_—___ ___________ .-.-.. . ..--—— ________ .________—__——_———————
*O. Kraemer, llDa.,)-er~;egel~ersllcfi.emit ~dblzern.” D.V.L. Re-
port 1S0. Ll~ftfal.llstforscl~ung, Vol. 8 (1930), pp. 39-48,
and 1S30 D~V.L. Yearbook, Tp, 411-420.
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ter,$a.l,...w:aal,rler.e.ad~,,ezceec\.e,dwith the vibration strength
..g~:= :.:.aj.out .* 230,,;kgj”,/,cuT2 ~& 3’,2“~7’1.l;”D”’.’/sq:.in i,)a,tta.:ined. in

.......:th:~.vi.’orati.on.e:ndurance t“es,tj‘of the spar a“t‘“n = 0.135 X
.106 load rever.s.als. .,;T~hedti~ab’il”ity Od” .,of the spar-, ac-

...-. . ,.. .
cording to the res-~lts obtained for s“pruce hy the ~ater ial
‘dfti~”$i6nof ‘the D,Viii., appeared. to be,.about, .2.Q.per ceilt
ti:l:ow”:the’atta ined”vibration strength am : ~ 230 kg/cm2
““(~ 3;271 \b~/scj;in..) at ad = ~ 190 .kg/crn2 (~ 2,702 lb./
Sq. :in.). ~~ . ‘ “,... ..,

$) Y’he compressive strength dlc ‘ 1of tn.e flange ma-
-+._-,_.___.-..7-..,__________________________________________

t&rial,- The mate”r~~ls “~ere tested In four .grOllpS “?f teil_.._,A___~
sam~’ies each: The compression.. ‘cuibes, with. the dimensioils
~iVeil in F’i@te .44, were cut from. the spru.?e flanges as$2
S’11o‘ml in Fignre: 43.; .The results of’ the c,ompressio.n tests
are ind’icatecl“in Tigure .44. The sa.mples of..group 2, qeas-.,.
ilrin{; 130”5 mm “(0.53{ in. ) on” an ed~e w.ithol.~tplywtiod~ yielcled
the hi:;hest mean value of Olz! = 439 kg/c;:12 (5,244 ll~./sq. iii.),
The sti-,emg”th,o“f the samples ~,.’ Of .group.s ,3 and 4 .is dinir,ished

, by tll,ep’1ywo od. Since., “in tphe complete spar , the” shaie of
.,

the ~lytiood in “the whole cross section of t,-he.,,fl.a.nge is
nearly the same a’s‘in the ‘samples of. group 3; “the compres-
sive strength ok 420 kg/cm 2 (5,974 lb. /sq. in.) will he
taken as the basis ~or” the further evaluations.

y)” THR me?.sture cog~g;~~,,,-~~_-t_QE_-yood.... This ~a,s d.eter-
miiled for ,two “gro=.1.psof flaz~~”eplates of about 7 cm (2.76
in. ) le~i~th “both with anti without plywood.. In the dryi~~g
0~JE2’I.l both groups y~.elded a moisture conteilt of 12 per cent..
which “5.s “re,~aided as ilormal. ,.

.. ‘,. ,
.,, 81 Ex~ected and attained dura+cilifv”.- “From U’ and P— —.-—-—-__—._——--——--—...——.-.—.,-,______J—-+___-_L_

we. o’bta,in ,.

,-
‘cz~

..,. WJ’= 0“:4,52.’ ,.
6–; = .420

This a&Tees closely with the valves, of. (J~””,. 7% = 0.4(3 to
(3...45obtain’ed ,by Angjstronr in’bending spruce back and forth
and. witli the” v~l~ie.s”’obtained by Kraemer~ so tt~at.no impair-
rn.eilt. of the. durability “of the “f~arigesresulted from the in-
corp,ora,tion’ o,f th’e material ‘in the kox spar .(disturkance of
the str”esses in ‘the ribs aid’c’ovkrin~; plates’) .

... ,,,, .,, ‘,.!’ .,, , ,., .
. , ., ,.

., .,:.
.“. ”’ .. ’,’ -...

, ,,. , .
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d) Summary of the results
-. ..., _.

With continuous gluing which does not injllre the mat-
erial it could be expected that the endurance of the en-
tire structural part would agree with tile material tests.
Since, according to receut material investigations, the
durability of spruce is about 45 per cent of its compres-”
sive strength, the results of the tests of the structural
parts agree very well with the expectation. This agreement
s-news that the method used,. which gave such unfavorable re-
sults for metal spars, is free from objections.

6. Wooden Spar II with Pine Flanges

The structure of this spar was similar to that of spar
I. It was tested in the unused. condition. Its structure
is shown in Figure 6. The test results are given in Figure
25 and. Table VIII.

Experimental apparatus and evaluation methods were de-
veloped and. tried for tke execv.tion of vibration-strength
tests with entire structural Tarts both with and without
superposed static loading. Altogether ten metal spars and
spar pieces and two wooden spars were subjected to vibra-
tion breaking tests. The wo”oden spars showed no diminution
ill the durability of the flanges as comnared with that of
the material used. The durability of the metal spars, on
the contrary, was only a fraction of the durability of the
material, due to local stress concentrations, which were a
multiple of t-he mean stresses involved.

T’:legood results obtained with wooden spars are at-

tributable to the continuous cross-sectional transitions aild
force transmissions aild to the glued joints which did not
impair tyie material. The poor results of the metal spars
were due to the detrimental stress concentrations at t?~e
abrupt cross-sectional transitions (fittings) in.the first
rivets or rivet rows and to the detrimental effects of the
worlxing of the material on its properties.”

.
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Further research is,necessary, to, dete,rmine how much
the dynamic streng”th of tile“metal spars can be improved hy
suitable constructive methods. Corresponding systematic
resea”rc~e”s”are being i“nsti’tut”ed%y, the” D.~?.L.”. ~ :
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TABLE II. Wooden Spar II. Influencevalues 6ik (deflections)for making the calculation

plotted in Tigure 26. Deterr.ineclfrom static tests “

Deflectionsai ~
rib (mm x 10– )

I
1213

150kg (330 lb.)\\.
on rib

3
4
5
6
7
8
9
10
11

I

I ‘

41 15P 7

17
31
43.5
~~
60
G
62

57
48
38
26.5
14.5

8 9,10

16 13.5 11
29 25.5 21.5
4005 1 36.5 3C.5
50.5 45 38
5.5 52 44.5
62 57 48
62.51 58 49
58 54.5 4?
49 i 4? 44
39 ‘ 37.5 35.5
27 ~ 26.5[ 25.5
14.5 ~ 14 \ 13.5

010’OiO
- 13.5! -15 ,-14.51- 13.5
-27 j -28.5 I-28 I-26

-??7.51-40 ! -42 I-41 I.-39
.33.51- 53,5: -57 ~-55.5~- 52.5
-63.5~- 68 I -73 -68 !-67
-77 ;- 82 I -88 -E2a5~ - &70,5
_~go~!_ g~ i-102*5i-96 ;- 93

I

11

9:
17 :
24.5
30
35
38
39
37.5
35.5
3~

21
11
0

-11.5
-22
-~4
_44

-53
-61
-78

CA
(n



TA8LE II. (Cont~d) Wooden Spar II. Influencevalues $ik (deflections)for making the

calculationplotted in Fi&xre 26. Determinedfrom static tests

-

150kg (330 lb.)
on rib \ \

2
3
4
5
6
?
8
5
10
11
12
13
14
15
16
1?
18
19
20
21

12

——

6
12
17
21
24
26.5
27
26.5
25.5
21
16.5
8.5
0

-9
-1?
-24.5
-33
-44
-53
-61

13

3
6
9
11
13
1~,~

14.5
14
13.5
11
8.5
4..5
0

-5
-9
-13
-18
-22.5
-27.5
-31.5

——

,4

.

0
0
0
0
0
9
0
0
0
0
0
0
0
0
0
0
0
0
0
0

15

——

- J
-6
- pl~

-11
-13
-Is.5

-15
-14.5
-1~,.~
-11.5

-9
-5
0
5
11
16
1’3
24
29-5
34

---+--44--
- ‘7 -lo -13 17
-12 -18.5 -25 32
-18 -27 i-36
-22 -22 i 46/-43.5i54.5
-2E -37.5!-50.5j63.5
-27 j-40 -53.5[ 68
-28.5‘-42 -87 73
-2e -41 -55.5 68
-26 ,-39 I-52.5 67
-22 !-34 I-44 55.5
-17 &24.5t.J3 i 44

-5 ;-13
0 ,0
11 16
22.5 35.5
35.5 57
48 &o
61 102
74 ,125
85,5/1~5

! 2z.5
-l; ~ ()
19 I 24
4a 61
80 102
112 1145.5
145.5i190
179 231.5
211 \275.5

20

20.5
39
55*5
66
7?
82
88
82.5
80.5
67.5
53
27.5
0
29.5
74
125
179
231.5
290
345.5

21

24.5
45.5
65
7’7
88.5
95

102.5
96
S3
78
61
31.5

‘0
34
85.5

145
211
275.5
345.5
408



T@LE III. Steel Spar I.
stressesin the most

Results of endurancetests with whole spar. Load reversals
unfavorablecross sectionand in the breaking cross section

failure.
Test 1 “ I i

‘ Upper flange ; ~ ‘\

Breaking ‘point Cross \ \
Test 2 section12

and

.—
IIVxmier!Max●

Time Fre- ~ of
Tlange sti”esses

ampli- Flange . ..———— ——

quency rever- tude in max—- .
sals :;::5-

Min 1/rein cm
/

160 980 1177,00013.2
upper - 8.5
lower ] +14.4

4.44
upper I - 8.5

450 980 441,000 to
lower ~ +14’.4

(until

4

5.9 ~%::: I X2
failure

I
4
I

Total reversals n = 618,000

-15.8 ‘- 1.2 -9.0 ;’7.6 ~-16.6t+l.4
+26.6 +2.2 1+8.5 *11.3 1+19.81-3.8

I 11 ~reaking stresses” I

CA
-J



TABLE IV. Steel Sgar I. Inner bay without overhang. Load reversalsand stressesin the most—
unfavorablecross sectionand in the breaking cross section

‘ flange boiiltof !

failure

Flange stresses
Time Fre- Of ~ampli-

quency rever- tude

UJ sa.1s

Flange
at point of failure——

f

static]dynamic super-oosed—— —— _.~—
‘@mm2 ‘kg/mm2- kg/mm

in m.a.x.stress(

-.;*:S
2

d sectio~ 12.——
superposed

—.— .
kg/~2

I
+ 5.3 ‘7 ~05

- 7.0 + 3.4,—

+ 5,3 179.0

- J:; ii 407
+ ;+12.0

7.0 j+ 6.2

0 !+ 6.8
0 17 4.1

upper
loner

- 1.2 +11.8
- 3.6 -10.4

~-
+ 1.0
- 4.5

- 1.0
3.5

- 3.3
- 2.4

+f5mo 1+5.0
-7.0 22.5

+6.0 T 7.0
-7.0 f3.5
+ 6.0 79.3
-7.0 ~~ 4.6

+11.0
--9.5

-I-13.0
-10.5
+15.3

-11.6

T
450*I ~80

177,000I -

441,000

- 3.7 +14’3
-2.3 -11.7
6.7 +17.3

- 0.8 -13.2

+ 6.8 - 6.8
_ 4.1 + 4.1

+17.3 +-2.7
-10*3 - 1.7

upper
lower
up:er
1ower

o i+ 6.2

0
!=j+ 3.7

+9.3 !+ (5*6

-5.5 173.9

+ 6.2
- 3.7

+15.9
- 9.4

- 6.1
+ 3.7

+ 2.7
- 1.6

u~per
lower

upper

95 1,400

37i1’400
*

60 1,400 upper 1 +10.0 1+ 9.1 !+1’S.1+ 0.9
lower - 6,0 1; 5.4 1-11.4 - 0.6
upper +10.0 ~~ 9.6 l+i9.6 + 0.4

+9.3 i-i8.2 +17.5
_lo*q

+18.1
-10.7
+1’2.0
-11.3

- 1.1

- 0.6
+ 0.7
- 0.3

=
+ 0.3

-5*5 1:4.9
+9.4 ;~ 8.7

35 1,400
lower

i-
6.0 ]= 5.7 1-11.7 - 0.3

uriner +lO.CI ]*1O”.7 !+20.7’- 0.3
l;ker - 6.0 IT 6.4 ~-12.4 + 0.4

!

-5.5 ‘= 5.2
+9.3 + 9.7
-5.5 + 5.8

Total rever%~”%) = 935,
I *Load reversalsand stressessufferedby middle section of spar in first test.

100



TABIJ3V. Steel Sgar II. Whole spar and overhang.
Load reversalsand stressesin treeking cross section.

12 ‘4
Ri%

Wflole 940 12.15 12.5

t I I

“k2ax=l.5h\ \\
\ %nax=z”scm

\
~==4.4cm

—---r I
I

Flange
Breaking cross section 1 I Ereaking cross section2

~ stati~ dynamicl super~osed static~dyn.mic sune~osed
2i ‘

}–kg/~l,ikg/rm2 I kg/mm2
/ i“ l@/m21kg/m&

timer -8.6 ~ ;9.0 \-17.6 +OOQ -11.4 I%5.2 “-16*6 -6.2
lomer , +1.6 ~ ~E?.1)+9.6 ,-6.5 +11.4 ]“15.2 -16.6 +6.2

lq~e ~ -G.6 ~~15.4 I-24.o 1+6.8 -11.4 78.9 -20.3 -2.5
lower +1,6 jJ3.9 I+15.5 f-12.3 \ +11.4 ~809 +20.3 +2.5

upper ;- T16.O - -
lower - - - - - fi6*() - -“
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TABLE VI. Steel Lattice Spars
Load reversals and breaking stresses.

,. Location of breaking ‘point. (pi”g. 39, )
----- _7-______ y____________ .._.-_--.--_-- _-_-._-r----_-,_______

Load Stresses
Spar rever-

numb er sa.1s static

106 kg/mm2

I1:
-——————____

1 2.29 -0.1
—————— ——————— _—________

2.632a
0.314 -

—————— ———— .-—-- ________

2.9
2b 2.23

1.88

.—— —__ _______ __
3 0.46

.
Breaks 1 and 2 occurred

in brea.kin~ sect ionl Breaking poiilt

1 +4.5
~4.6 -4.7 1

plate
1

a
———————.———.————----—— ________ ___

~2.4
~3.1

.-——— —.-—
break 1
fl.7
~2.1

f3. o

———————
22.4

joint I b
.————————-.—_+---------

t

——— —_—
break 2
~1.8
~2.3

1
bul~e.--–––––––––--+--––––– >--

t

c—_-————_
plate like a

simultaneov. sly in spar 2b.



TABLE VII. Wooden Spar 7 (~-~~’l~e).Load reversalsand stressesin breaking cross section ‘: =. \ “L,. u-

tv!ax.
a.m.) 1i-
tuis

a
cm

Number
of

rever-
sals
n

about

1.03X
105
1,25X
105

! I’hwe stressesin Tern- lRelative
per- l~rwnidity
a.ture of air

2er csnt

.
c>

L.
Time
T

Freqv.ency ection

?-.JmaInic

:g/cin2
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TJ3LE VIII. Wooden Spar II (Pine) Load reversalsand stressesin breaking cross section
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Figure 5a.-Suspension
device for

superposed static load.

Figure 2.-Vibrating spar tip with
superposed static load.

SparI. Exposure, 1 sec. The am-
plitude is read on the test
wedges, outwardly 5.4 om(2.13 in.)
Superposed static load at rest.

Figure 9.-Piece of spar as beam
on two supports.
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Fignre 3.-Comparison of lending lines in vibration, as measured by test
wedges and optographs. Steel spar 1. Inner field.
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Figure 7.-Vibration test with superposed static load. Wooden
spar II (vibrating). Double unbalance at the left

and behind it the direct-current motor with tachometer.
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Vibra-
tion
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Single
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Figure 10-
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Figure 14.
Vibration
devicein
operatton.
Apparatus
for te8t-
Ing a
sphericalhead
bolt.
Arrangement
with super-
posedstatic
load(orig-
inaltitrength)

Figure 13.-A connect
ixw rod in mounted B

,-

!t B.

Figure 15.-Test results with the vibration apparatus.Breaks of boltswith
spherical heads. a, Break on en airplane in flight. b, Break from simple
alternating loadix &in laboratory. c, Weak producedin vibrationtestof
original strength in laboratory.



.-———. .

.,

,,

.

. -..

,., ,.
,..,.,

.,’ ,.
,.

.(”



I

I

0

?igum 22.-Connecti~rod %est. Scratch records. lhgnificatioa about
120 fold. Elongation in test b= due to prelimimry static +

Ioadlng and mpwposed vibrations. “N03
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Fibnre 18.- Steel spar I. Test results. Jetcrminatio:lof accelerations
and dynamic stresses.w=980/.min.a,l.nu.=4.4 cm(l.73in.)
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(a) Load distribution,preliminary static
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g, Parallel
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(b) Mass distribution(cal.culated)
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I?ig.35 Steel spar II. Cverhang as beam on two supports.
Pure dynanic test. Stress determination.
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(a)
-. ,. ,.. Mornents,,andflanGe stresses due to

the superposed static load.
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Fig. 41 Wooden spar I, Dynamic stresses and superposed
static stresses at w = 1120/min and amu = 3.85
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Figs. 43,44
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